The diagnosis of malignant peripheral nerve sheath tumor is challenging, particularly in the sporadic setting. Inactivation of the polycomb repressive complex 2 (PRC2), resulting from inactivating mutations of its constituents SUZ12 or EED1, has recently been identified in 70-90% of malignant peripheral nerve sheath tumors. Homozygous PRC2 inactivation results in loss of histone H3K27 trimethylation (H3K27me3). PRC2 inactivation promotes tumor progression and may render patients sensitive to epigenetic-based targeted therapies. H3K27me3 loss has not yet been validated as a diagnostic marker. We evaluated immunohistochemistry for H3K27me3 in 100 malignant peripheral nerve sheath tumors (70 sporadic, 10 neurofibromatosis type 1-associated, 10 radiation-associated, 10 epithelioid) and 200 other spindle cell neoplasms representing potential mimics (20 each monophasic synovial sarcoma, leiomyosarcoma, dedifferentiated liposarcoma, malignant solitary fibrous tumor, low-grade fibromyxoid sarcoma, cellular schwannoma, spindle cell melanoma, unclassified postradiation sarcoma; 10 each atypical neurofibroma, spindle cell rhabdomyosarcoma, gastrointestinal stromal tumor, fibrosarcomatous dermatofibrosarcoma protuberans). In total, 51 (51%) malignant peripheral nerve sheath tumors, including 34 (49%) sporadic, 7 (70%) neurofibromatosis type 1-associated, and 10 (100%) radiation-associated, but no epithelioid malignant peripheral nerve sheath tumors, were negative for H3K27me3. An additional 6 (6%) tumors showed heterogeneous H3K27me3 expression. Among the 90 sporadic, neurofibromatosis type 1-associated, and radiation-associated malignant peripheral nerve sheath tumors, complete H3K27me3 loss was observed in 29% of low-grade, 59% of intermediate-grade, and 83% of high-grade tumors (low vs intermediate/high grade, P = 0.0003). Among other tumor types, 4 (20%) unclassified postradiation sarcomas were negative for H3K27me3, whereas all other neoplasms were positive. Loss of H3K27me3 is highly specific for malignant peripheral nerve sheath tumor (although only modestly more sensitive than S-100 protein and SOX10) and may be a useful diagnostic marker. Our findings suggest that PRC2 inactivation in malignant peripheral nerve sheath tumor may occur during progression to higher grades.
Accounting for~5% of soft tissue sarcomas, malignant peripheral nerve sheath tumors occur either sporadically or in the setting of neurofibromatosis type 1 (each accounting for~50% of cases); 10% of tumors in both patient groups arise following radiation therapy. 1 They most often arise in the limbs, followed by the trunk/retroperitoneum and head and neck region of middle-aged to elderly adults. Most malignant peripheral nerve sheath tumors pursue an aggressive clinical course with a 5-year survival rate of 35-50%. 2 In the absence of effective systemic therapy, surgery remains the mainstay of treatment. The lifetime risk of developing malignant peripheral nerve sheath tumor is estimated to be 5-10% for patients with neurofibromatosis type 1. 3 An identifiable origin from a peripheral nerve or a neurofibroma, evidence of Schwann cell differentiation by immunohistochemistry or ultrastructural examination, or the development of a spindle cell sarcoma in a patient with neurofibromatosis type 1 represent diagnostic criteria. Histologically, a fascicular growth pattern with varying cellularity, myxoid areas, perivascular condensation of tumor cells, and spindle cells with tapering, hyperchromatic nuclei and scant cytoplasm are characteristic of malignant peripheral nerve sheath tumor. Up to 10-15% of malignant peripheral nerve sheath tumors show heterologous differentiation, most often rhabdomyosarcomatous (the so-called malignant Triton tumor). Epithelioid malignant peripheral nerve sheath tumor, in contrast, is usually unassociated with neurofibromatosis type 1, superficially located, and may occasionally arise from schwannomas.
Only a subset of malignant peripheral nerve sheath tumors express Schwann cell markers such as S-100 protein (40-50%, often only in a minority of tumor cells), SOX10 (30%), or glial fibrillary acidic protein (GFAP) (30%). 4 Therefore, the diagnosis of sporadic malignant peripheral nerve sheath tumor often relies on recognition of characteristic histologic features and exclusion of histologic mimics. For the purposes of this study, we have separated sporadic malignant peripheral nerve sheath tumor cases into 'tier 1' when the diagnosis was certain (i.e., immunohistochemistry supported the histologic diagnosis) and 'tier 2' when histology was typical but supportive immunohistochemical findings were lacking (see Materials and Methods). Depending on the clinical setting and tumor site, the differential diagnosis of malignant peripheral nerve sheath tumor may include benign Schwann cell neoplasms such as cellular schwannoma and atypical neurofibroma, as well as other spindle cell sarcomas including monophasic synovial sarcoma, leiomyosarcoma, dedifferentiated liposarcoma, malignant solitary fibrous tumor, low-grade fibromyxoid sarcoma, spindle cell rhabdomyosarcoma, spindle cell gastrointestinal stromal tumor, and fibrosarcomatous dermatofibrosarcoma protuberans, and other neuroectodermal neoplasms, most notably spindle cell melanoma.
NF1 mutations and CDKN2A inactivation are found in the majority of malignant peripheral nerve sheath tumors. 5, 6 CDKN2A inactivation is an early event in the development of malignant peripheral nerve sheath tumor, occurring during progression from conventional to atypical neurofibroma. 5 In addition, inactivation of the polycomb repressive complex 2 (PRC2), resulting from mutually exclusive inactivating mutations of its constituents SUZ12 or EED1, was recently identified in 70-90% of malignant peripheral nerve sheath tumors. [6] [7] [8] PRC2 inactivation leads to loss of trimethylation at lysine 27 of histone H3 (H3K27me3). [6] [7] [8] [9] Inactivation of PRC2 was shown to be associated with progression from plexiform neurofibroma to malignant peripheral nerve sheath tumor by amplifying RAS-driven transcription. 7, 10 Functional studies confirm that H3K27me3 restoration, and thereby reduced transcription of PRC2-regulated genes, inhibits cell growth in malignant peripheral nerve sheath tumor, suggesting a cooperative effect of inactivated PRC2 and NF1 and CDKN2A mutations in malignant peripheral nerve sheath tumor development and progression. 7 Based on these findings, H3K27me3 may be used as a biomarker to predict functional PRC2 activity in malignant peripheral nerve sheath tumor. 6, 7 To validate the potential diagnostic value of loss of H3K27me3, we evaluated immunohistochemistry for H3K27me3 in 100 cases of malignant peripheral nerve sheath tumor, including different clinical subgroups, and 200 other spindle cell neoplasms, focusing on histologic mimics.
Materials and methods
Cases were retrieved from the surgical pathology files of Brigham and Women's Hospital and the consult files of one of the authors (CDMF). Representative hematoxylin and eosin (H&E)-stained slides were reviewed by two of the authors (IMS and JLH). After rereview of 116 cases initially diagnosed as malignant peripheral nerve sheath tumor, 16 cases were excluded from the study because the morphologic features were felt not to be typical. In total, 100 cases of malignant peripheral nerve sheath tumor, including 70 sporadic, 10 neurofibromatosis type 1-associated, 10 radiationassociated, and 10 epithelioid were included. Altogether, 31 malignant peripheral nerve sheath tumors were classified as low grade (31%), 36 as intermediate grade (36%), and 33 as high grade (33%) according to the FNCLCC grading system. Eight sporadic malignant peripheral nerve sheath tumors showed heterologous differentiation (osteocartilaginous in 5 cases and rhabdomyosarcomatous in 3 cases). Two neurofibromatosis type 1-associated malignant peripheral nerve sheath tumors harbored heterologous rhabdomyosarcomatous differentiation, and one radiation-associated malignant peripheral nerve sheath tumor each showed glandular and chondro-osseous differentiation. As mentioned in the introduction, 47 sporadic malignant peripheral nerve sheath tumors were designated 'tier 1' cases with typical morphology and supportive immunohistochemical staining (i.e., expression of S-100 protein, SOX10, and/or GFAP), and 23 cases were designated 'tier 2', lacking immunohistochemical support for the diagnosis of malignant peripheral nerve sheath tumor but showing classic histology. Potential histologic mimics were carefully excluded by immunohistochemistry in the latter group of tumors. In addition, 200 other spindle cell neoplasms were evaluated, including 20 monophasic synovial sarcomas, 20 leiomyosarcomas, 20 dedifferentiated liposarcomas, 20 malignant solitary fibrous tumors, 20 low-grade fibromyxoid sarcomas (10 with associated sclerosing epithelioid fibrosarcoma), 20 cellular schwannomas, 10 atypical neurofibromas, 10 spindle cell rhabdomyosarcomas, 10 gastrointestinal stromal tumors, 10 cases of fibrosarcomatous dermatofibrosarcoma protuberans, 20 spindle cell melanomas, and 20 unclassified postradiation sarcomas.
Immunohistochemistry for H3K27me3 was performed on 4-μm-thick formalin-fixed paraffinembedded whole tissue sections following pressure cooker antigen retrieval (Target Retrieval Solution, pH 6.1; Dako, Carpinteria, CA, USA) using a rabbit polyclonal antibody directed against the trimethylated lysine 27 residue of the N-terminal portion of histone H3 (1:500 dilution; 07-449; Millipore, Billerica, MA, USA). Appropriate positive (normal skeletal muscle, colon, and skin) and negative controls (a high-grade malignant peripheral nerve sheath tumor with known loss of H3K27me3) were used throughout. Extent of staining was scored as positive, heterogeneous (i.e., expression lost in a scattered subset of tumor cells), and negative (complete absence of staining).
This study was performed with the approval of the Institutional Review Board at Brigham and Women's Hospital.
Results
The results of immunohistochemical staining for H3K27me3 in 100 malignant peripheral nerve sheath tumors and 200 other benign and malignant spindle cell neoplasms are shown in Tables 1 and 2 , respectively. In many tumors within most diagnostic categories, a small subset of nuclei ( o 5%) lacked H3K27me3 staining; this finding is of unknown significance. In total, 51 of 100 (51%) malignant peripheral nerve sheath tumors were negative for H3K27me3, including 34 of 70 sporadic (49%) (Figure 1 ), 7 of 10 (70%) neurofibromatosis type 1-associated (Figure 2 ), 10 of 10 (100%) radiationassociated, and 0 of 10 (0%) epithelioid malignant peripheral nerve sheath tumors (Figure 3) . Among the sporadic tumors, 21 of 47 (44%) 'tier 1' and 13 of 23 (56%) 'tier 2' malignant peripheral nerve sheath tumors (i.e., without other supportive immunohistochemistry) were negative for H3K27me3. In the group of 90 sporadic, neurofibromatosis type 1-associated, and radiation-associated malignant peripheral nerve sheath tumors (excluding epithelioid malignant peripheral nerve sheath tumor owing to distinct biology), complete H3K27me3 loss was observed in 29% of low-grade, 59% of intermediategrade, and 83% of high-grade tumors. H3K27me3-loss was more frequent in intermediate-and highgrade (42 of 59; 71%) compared with low-grade (9 of 31; 29%) malignant peripheral nerve sheath tumors (P = 0.0003). In addition, a heterogeneous staining pattern with a subset of tumor cells (~20-40%) showing loss of staining for H3K27me3 was observed in 3 of 10 (30%) neurofibromatosis type 1-associated and in 3 of 70 (4%) sporadic malignant peripheral nerve sheath tumors. Among the other tumor types evaluated, 4 of 20 (20%) unclassified postradiation spindle cell sarcomas showed negative staining for H3K27me3 (Figure 4) , and 2 additional cases (10%) showed a heterogeneous staining pattern. Of the four H3K27me3-negative unclassified postradiation sarcomas, one was composed of fascicles of uniform spindle cells with vesicular chromatin and small nucleoli with a prominent lymphocytic infiltrate; one was composed of nondescript ovoid to short spindle cells with a haphazard architecture in a dense, collagenous stroma; one was composed of sheets of pleomorphic 
Discussion
Proteins of the polycomb group are transcriptional repressors that modify chromatin, regulate cell fate, and promote cancer development by epigenetic modifications. 9, 11 In malignant peripheral nerve sheath tumor, inactivation of PRC2 promotes cell proliferation and tumor growth. 6 PRC2 is composed of SUZ12, one EED isoform, and EZH1 or EZH2; this complex catalyzes the trimethylation of lysine 27 of histone H3, 12 a well-described mark of epigenetic silencing. We detected loss of H3K27me3 expression by immunohistochemistry in 51% of all malignant peripheral nerve sheath tumors (as well as heterogeneous staining in an additional 6% of tumors) and in 20% of radiation-associated unclassified spindle cell sarcomas, but in none of the other tumor types evaluated. These findings suggest that H3K27me3 loss is a highly specific marker for malignant peripheral nerve sheath tumor (albeit only modestly sensitive) and may be useful in differential diagnosis, particularly for tumors that lack expression of supportive Schwann cell markers (i.e., S-100 protein, SOX10, and GFAP) and among high-grade spindle cell sarcomas. Of note, negative staining for H3K27me3 was observed in 56% of malignant peripheral nerve sheath tumor cases designated 'tier 2' for the purposes of this study (i.e., those with classic histology but without immunohistochemical support), a similar rate as in tumors that expressed Schwann cell markers. Immunohistochemistry for H3K27me3 may therefore be used as a diagnostic marker for malignant peripheral nerve sheath tumor (potentially independent of Schwann cell markers) in the presence of typical morphologic features.
The biologic function of H3K27me3 in the pathogenesis of sarcomas is currently being investigated. Depending on the cellular context, the PRC2 proteins SUZ12, EED, and EZH2 are able to exert different functions in human cancer. EZH2 is known to be upregulated in various tumor types, including prostate 13 and breast cancer, 14 in which its overexpression correlates with aggressive behavior and poor outcome, as well as in lymphomas, lung cancer, and glioblastoma. 15 EZH2 has been shown to be with PAX3-FOXO1 fusion, EZH2 was also found to be overexpressed, leading to increased proliferation and survival and offering a potential target for EZH2 inhibitor therapies. 17 Both oncogenic and tumor suppressor functions have been attributed to EZH2; it is likely that a delicately balanced gene dosage of the polycomb group proteins together with biologic context are crucial for stem cell homeostasis and determine oncogenic or tumor suppressor functions. 9, 11 In contrast, EED and SUZ12 thus far appear to act predominantly as tumor suppressors; [7] [8] [9] however, additional studies are required to clarify the role of each polycomb group protein in different cellular contexts.
The majority of malignant peripheral nerve sheath tumors harbor NF1 and CDKN2A mutations, which activate RAS signaling and dysregulate coordinated cell cycle progression, respectively. It has been suggested that PRC2 inactivation by mutations in either of its constituents might exert cooperative effects with NF1 and CDKN2A mutations. 7 PRC2 inactivation might also promote tumor progression by further modulating already altered RAS signaling through an epigenetic switch. 7, 10 Based on our findings, PRC2 inactivation may occur at some point during progression to higher grade malignant peripheral nerve sheath tumors, as H3K27me3 expression was lost significantly more frequently in intermediate/high-grade compared with low-grade tumors, but was retained in all atypical neurofibromas evaluated.
PRC2 inactivation has been reported in up to 88% of malignant peripheral nerve sheath tumors as detected by DNA and RNA sequencing analyses, 6 which is a higher frequency than loss of H3K27me3 observed in our series (51%). As previously noted by Lee et al., 6 immunohistochemistry for H3K27me3 reliably detects homozygous inactivation of PRC2. However, heterozygous mutations of PRC2 components do not result in loss of H3K27me3 expression. 6 The authors conclude from RNA levels, which correspond to H3K27me3 expression in malignant peripheral nerve sheath tumors with heterozygous inactivation, that DNA sequencing alone cannot predict PRC2 functional status in malignant peripheral nerve sheath tumors and that H3K27me3 immunohistochemistry might in fact be more accurate. 6 In this previous study, 46 of 52 (88%) malignant peripheral nerve sheath tumors were found to harbor either SUZ12 (n = 27) or EED (n = 19) mutations. 6 However, these included both heterozygous and homozygous (biallellic) inactivating mutations. Biallelic inactivation of SUZ12 or EED was identified in 65% of malignant peripheral nerve sheath tumor cases in this study, which is more in line with the rate of H3K27me3 loss observed in our study. In the present study, all radiation-associated malignant peripheral nerve sheath tumors (including 1 low-grade, 3 intermediate-grade, and 6 high-grade) exhibited loss of H3K27me, which is similar to a previously reported PRC2 mutation rate of 90%, all of which showed homozygous PRC2 inactivation. 6 Interestingly, we detected a heterogeneous (mosaic) staining pattern with loss of expression in a subset of tumor cells (20-40%) in 30% of neurofibromatosis type 1-associated malignant peripheral nerve sheath tumors, 6% of sporadic malignant peripheral nerve sheath tumors, and 10% of radiation-associated unclassified spindle cell sarcomas. One possible explanation for this heterogeneous staining pattern might be that only a subset of tumor cells with heterozygous PRC2 subunit mutations (positive for H3K27me3) has acquired an additional genomic alteration that inactivates the second allele (negative for H3K27me3), likely loss of heterozygosity, which has not yet been completely selected for during tumor progression.
In our study, the group of neurofibromatosis type 1-associated malignant peripheral nerve sheath tumors showed a higher rate of H3K27me3 loss than sporadic cases (70% vs 49%). This observation is in accordance with previous studies, which reported PRC2 inactivation predominantly in malignant peripheral nerve sheath tumors with NF1 microdeletions (79%) vs non-microdeletions (34%). 7 The investigators suggested that SUZ12 inactivation potentiated the effects of NF1 mutations by amplifying RAS signaling. 7 Co-occurrence of genomic NF1 alterations and PRC2 complex inactivating mutations (i.e., SUZ12 mutations) has also been observed in melanoma and glioblastoma. 7 However, all spindle cell melanomas in our study showed positive staining for H3K27me3, suggesting that immunohistochemistry for H3K27me3 may help distinguish malignant peripheral nerve sheath tumor from melanoma. In contrast, all epithelioid malignant peripheral nerve sheath tumors retained H3K27me3 expression; this rare malignant peripheral nerve sheath tumor variant is not associated with neurofibromatosis type 1 and arises in a different biologic context, namely, often accompanied by loss of INI1 (SMARCB1) expression and occasionally from a schwannoma. 18, 19 Although genomic studies are lacking, is seems unlikely that NF1 and CDKN2A mutations would be found in this tumor type-PRC2 inactivation would therefore not be relevant for tumor progression. The fact that 20% of radiation-associated unclassified spindle cell sarcomas were negative for H3K27me, with another 10% showing heterogeneous loss of staining, suggests that some of these sarcomas might in fact represent malignant peripheral nerve sheath tumors. For the clinical management of these patients, it may be of value to be able to identify malignant peripheral nerve sheath tumors among these sarcomas to select patients who might be candidates for novel targeted therapeutic approaches.
Similar to alveolar rhabdomyosarcomas, therapies using EZH2 inhibiting agents have recently been evaluated in xenograft models and in vitro studies of malignant peripheral nerve sheath tumors; targeted therapy directed against EZH2 inhibited tumor cell growth and prolonged survival. 15 Beyond the potential application of EZH2 inhibitors, PRC2 inactivation in malignant peripheral nerve sheath tumor also seems to render these tumors sensitive to BRD4 targeted therapies. 7 Further investigations are needed to confirm efficacy of these approaches in patients; however, H3K27me3 loss might serve not only as a useful diagnostic tool but also as a predictive biomarker in malignant peripheral nerve sheath tumor.
In summary, H3K27me3 loss detected by immunohistochemistry may serve as a useful diagnostic marker in the distinction of malignant peripheral nerve sheath tumor from other benign and malignant spindle cell neoplasms, although H3K27me3 loss in MPNST it shows low sensitivity in low-grade and modest sensitivity in intermediate-grade tumors. H3K27me3 loss is more common in neurofibromatosis type 1-associated compared with sporadic malignant peripheral nerve sheath tumors and is particularly frequent in higher grade and radiationassociated tumors. Detection of H3K27me3 loss in previously unclassified radiation-associated sarcomas suggests a subset of these tumors may represent malignant peripheral nerve sheath tumors. The value of H3K27me3 as a predictive marker for sensitivity to epigenetic-based therapies remains to be determined.
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